We have combined high-resolution atomic force microscopy (AFM) imaging and force spectroscopy to gain insight into the interaction forces between the individual protomers of the hexagonally packed intermediate (HPI) layer of Deinococcus radiodurans. After imaging the HPI layer, the AFM stylus was attached to individual protomers by enforced stylus-sample contact to allow force spectroscopy experiments. Imaging of the HPI layer after recording force-extension curves allowed adhesion forces to be correlated with structural alterations. By using this approach, individual protomers of the HPI layer were found to be removed at pulling forces of Ϸ300 pN. Furthermore, it was possible to sequentially unzip entire bacterial pores formed by six HPI protomers. The combination of high-resolution AFM imaging of individual proteins with the determination of their intramolecular forces is a method of studying the mechanical stability of supramolecular structures at the level of single molecules.
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binding strength ͉ conformational change ͉ force spectroscopy ͉ hexagonally packed intermediate layer A tomic force microscopy (AFM; ref. 1) has become an unique tool for observing biological structures in aqueous solution (2, 3) . As demonstrated recently, the AFM can be used to observe proteins at work (4, 5) with subnanometer resolution (5, 6) , providing insight into the structure and function relationship of biological systems. Beside its imaging capability, AFM can be applied to measure the intermolecular forces between various ligand and receptor molecules (7) (8) (9) and the unfolding forces of individual proteins (10, 11) . To this end, the force spectra of molecules attached to a support and to an AFM stylus have been recorded while separating both surfaces. Although force spectroscopy has the sensitivity to detect interactions between individual molecules, the direct correlation between the force spectra and changes in the supramolecular structure is required to interpret the force-extension curves fully. Herein, we present the combination of high-resolution AFM imaging and force spectroscopy on individual proteins.
The biological sample selected was the hexagonally packed intermediate (HPI) layer of Deinococcus radiodurans, a representative of regularly arrayed surface layers that are ubiquitous in bacteria and archae (12) (13) (14) (15) . As an interface to the environment, surface layers mediate adhesion to biotic and abiotic surfaces and provide protection. The structure of the HPI layer has been studied extensively by both electron microscopy (16) and AFM (17) (18) (19) (20) . There are six identical protomers that form the HPI layer pore, which has a mass of 655 kDa (21, 22) . Each pore can reversibly switch from an unplugged to a plugged conformation (18) . The outer surface of the HPI layer is hydrophilic as a result of the hydrophilic C-terminal region (amino acids 985-1,030) of the protomers (22) . The hydrophobic N-terminal region (amino acids 60-250) of the HPI polypeptide, located at its inner surface, covalently links fatty acids (22) and anchors the HPI layer to the outer membrane via hydrophobic bonding (23) . As a protective barrier, the HPI layer has an unusual stability to aggressive detergents of extreme ionic strengths over a wide pH range (24) as well as to mechanical and osmotic damage. Thus, it has been a challenge to determine the forces holding the individual hexameric protomers together as well as those driving the assembly of the HPI layer. We used a Nanoscope III AFM (Digital Instruments, Santa Barbara, California) equipped with a J scanner (80 m) and an oxide sharpened Si 3 N 4 stylus on cantilevers with a spring constant of k ϭ 0.1 N͞m (Olympus, Tokyo). Topographs were recorded in contact mode at a stylus loading force of 100 pN, and a line frequency of typically 4-6 Hz. Signals acquired in trace and retrace scanning directions showed no significant differences.
Methods
Combined AFM Imaging and Force Spectroscopy. To correlate topographs and force-extension curves, a 300-nm-wide frame of the protein surface containing 512 ϫ 512 pixels was first recorded. The number of pixels was then reduced to 128 ϫ 128, and we zoomed into the center of the topograph (frame width ϭ 100 nm) to acquire the force-extension curve at this location. Subsequently, the AFM stylus was pressed with an applied force of Յ2 nN (outer surface) or Յ1 nN (inner surface) onto the protein layer coming into contact at some point within the further magnified region. The AFM stylus was held in this position for 1 s before the stylus and protein surfaces were separated at a velocity of 0.2 m͞s, while recording the cantilever deflection (512 pixels). Finally, a full frame (512 ϫ 512 pixels) of 300-nm width was taken of the surface to visualize structural changes. During this procedure, the image shift was less than 20 nm. All measurements were carried out in buffer solution at room temperature.
Results and Discussion
The HPI Layer Outer Surface Does Not Adhere to the AFM Stylus. The hydrophilic outer surface of the HPI layer adsorbs strongly to freshly cleaved mica (18) , exposing the inner surface toward the AFM stylus. Occasionally, two HPI layers form a stable double layer by the interaction of their hydrophobic inner surfaces to give the AFM stylus access to the outer surface (18) . On examination, the outer surfaces withstood a stylus loading force of 2 nN without undergoing irreversible structural changes Abbreviations: AFM, atomic force microscopy; HPI, hexagonally packed intermediate. ‡ To whom reprint requests should be addressed. E-mail: aengel@ubaclu.unibas.ch.
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( Fig. 1 A and C) and did not adhere to the silicon nitride surface of the AFM stylus (Fig. 1B) . This mechanical stability and inertness is compatible with the putative protective function of the HPI layer.
The HPI Layer Inner Surface Adheres to the AFM Stylus. The hydrophobic inner surface is designed to anchor the HPI layer in the outer membrane of D. radiodurans (16) . High-resolution topographs of the inner HPI layer surfaces revealed cores with (17) and were confirmed more recently (18 -20, 29) . The distance between the core centers is 18 nm. (B) The force-extension curves acquired on the outer surface indicating the absence of adhesion forces. (C) The same surface area imaged after recording the force curve; no structural changes have occurred. The defect core on the left was used to align topographs C and A. Full gray-level range of the topographs corresponds to 2.5 nm. central channels that were connected by slender arms (Fig. 2A) . Areas that showed only minor or no contaminants were approached with the stylus until a force of 1 nN had been reached. No adhesion to the AFM stylus was measured on retraction for 75% of the approaches (Fig. 2B, trace 1) , whereas two different types of force-extension curves were observed from the remaining 25%.
In the first case (type I), a force peak of typically 90 pN emerged after retracting the stylus approximately 15 nm from the contact point (Fig. 2B, trace 2 ), indicating that a molecular structure bridged the surfaces between AFM stylus and HPI layer. Subsequent imaging of the same area did not reveal any detectable structural change (Fig. 2C) . Compiling forces from force-extension curves that had no destructive effect yielded a histogram with a sharp peak at 93 pN and a tail toward higher values (Fig. 2D) . The higher values were relatively infrequent and resulted from interaction with the occasional contaminants that were difficult to eliminate entirely from the hydrophobic inner HPI layer surface (18) . Distances between the contact point and the rupture point in the force-extension curves had a wide distribution that started at small values and declined rather quickly above 20 nm (Fig. 2E) . Again, the extended tail of longer distances was probably the result of spurious contaminants.
Measuring Intramolecular Binding Forces. In the second case (type II), the force peaks were approximately three times higher (Fig.  3B ) than those giving rise to type I force-extension curves, although the control image taken before the force-extension curve (Fig. 3A) did not reveal any structural difference to other images recorded from the inner HPI surface. However, on close inspection, the topograph recorded subsequently showed a striking change. A single protomer was always missing from one HPI hexamer, as illustrated by comparing the central region (Fig.  3C, arrow) of the frame displayed in Fig. 3A to that in Fig. 3C . Accumulating peak values from force curves (type II) that were related to the extraction of single protomers yielded a Gaussian distribution with an average of 312 pN and a standard deviation of 43 pN (Fig. 3D) . Distances between the contact point and the rupture point had a wide distribution (Fig. 3E) .
Unzipping an Entire Bacterial Pore. Although weak adhesive forces were seen more often than those that lead to the extraction of an individual protomer, an even less frequent but amazing event is shown in Fig. 4. In Fig. 4B , the force-extension curve has six major (200-to 300-pN) equally spaced peaks, whereas the corresponding control topograph shows that, during retraction of the stylus, an entire HPI hexamer has been zipped out of the surface layer (Fig. 4, compare C with A) . We have also observed rupture events with two to five peaks in the force-extension curve, which could unambiguously be correlated with the loss of two to five monomers, respectively, as documented by the analysis in Fig. 4D . The probability to pull out several protomers in one event decreased with their increasing number. However, in no experiment did we observe a force-extension curve that had more than six distinct peaks. In addition, the force histogram of multiple-peak extension curves (Fig. 4E) is indistinguishable from the force histogram of single-peak events (Fig. 3D) . In contrast, there is a significant difference in the distribution of distances between force peaks, which is much narrower (7.3 Ϯ 1.6 nm; Fig. 4F ) than the length distributions shown in Figs. 2E and 3E, arising from type I and II single-peak extension curves, respectively.
The Molecular Bridge Between AFM Stylus and Protomer. The smaller adhesion forces (type I) compare favorably to those previously measured between DNA strands (26) and for cell adhesion mediated by proteoglycans (27) . However, the rupture forces required to pull out a protomer (type II) are close to the interaction forces between streptavidin and biotin, one of the strongest ligand-receptor interactions ever measured (8, 9, 28) . This high force holding the protomers together explains the unusual stability of the HPI layer (24) . Strong adhesion of the inner HPI layer surface to the silicon nitride stylus is likely to be mediated by the hydrophobic sequence segments near the N terminus, which itself also carries an alkyl moiety. All of these regions are thought to interact with the outer membrane (22) .
When the rupture occurs between stylus and N terminus, a rather narrow peak force distribution is measured (Fig. 2D) , suggesting a single type of bond. However, the wide distribution of the lengths between contact point and rupture (Fig. 2E) indicates that different parts of the N-terminal region bind to the stylus, depending on its landing point. A much stronger bond between stylus and N terminus happens less frequently and probably involves the fatty acid chains. In this case, rupture occurs at the level of the HPI hexamer: a single protomer is ripped out on retraction of the stylus. Although these two rupture events differ in force, the extension length distributions are similar (Figs. 2E and 3E ), as expected from the nonspecific binding of the N terminus to the stylus.
The Interaction Between Protomers. Equally spaced force peaks (Fig. 4 B and F) indicate a strong interaction between protomers through a flexible link that has a length of 7.3 Ϯ 1.6 nm, close to the thickness of the HPI layer. It is interesting to compare our results with the forces required to unfold Ig segments of native and recombinant titin (10) . These force-extension curves have peaks that are quite similar in shape and magnitude to those we report here for the HPI layer. As illustrated in Fig. 5 , in fitting force-extension curves from the HPI layer with the worm-like chain equation, the best fit was found for a persistence length b ϭ 0.4 nm, identical to the persistence length of the titin chain (10) . This fit supports the idea of a polypeptide chain comprised of 26 residues with an extended length of 7.3 nm connecting HPI monomers. In the experiments with recombinant titin, the maximum number of peaks seen in one force curve corresponded to the number of Ig segments (either four or eight). We observe an analogous maximum of six peaks for the hexameric HPI protein complex. However, the titin peaks were separated by 28-29 nm, compatible with the unfolding of a polypeptide chain comprising 89 residues. With the HPI layer, the retracting stylus seems to extract the first protomer without unfolding it by simply stretching the intermolecular link until the neighboring protomer is pulled out, eventually leading to the unzipping of a complete HPI hexamer. The fact that several protomers can be pulled out sequentially implies that the interaction forces within hexamers are stronger than the forces between them. Thus, extraction of each protomer involves breakage of the spoke that connects hexamers within the HPI layer.
This explanation is a hypothesis that must await the availability of the HPI layer structure. Nevertheless, the results corroborate the chemical and mechanical stability of this bacterial surface layer. More importantly, however, we demonstrate that the AFM allows not only the measurement of intermolecular forces but also the direct visualization and correlation of resulting structural changes. This method will allow not only the study of the mechanical properties of biological membranes but also the assessment of the forces required to unfold membrane proteins. (Fig. 4B) . Each monomer is connected to its neighbor by a polypeptide whose extended length is 7.3 nm on average (Fig. 4F) . Peaks can be fitted by using the worm-like chain equation: F(x) ϭ (kT͞b)[0.25(1 Ϫ x͞L) Ϫ2 Ϫ 0.25 ϩ x͞L], taking a persistence length b ϭ 0.4 nm. F represents the force, k the Boltzmann constant, T the absolute temperature, b the persistence length of the polypeptide chain, x the extension, and L the contour length of the polypeptide chain. This behavior compares favorably to the force-extension curves of titin molecules (10) .
